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BRIEF DESCRIPTION OF THE DRAWINGS 


FIELD OF THE INVENTION 


[0005] 


[0001] The present invention is generally related to 5 
voltage regulator circuits, and more particularly low qui- 
escent current regulators. 


BACKGROUND OF THE INVENTION 
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[0002] The 'dropout voltage" of a voltage regulator 
equals the minimum input-to-output voltage differential 
for which the circuit can maintain output regulation. Low- 
dropout (LDO) voltage regulators generally have drop- 
out voltages of a few tenths of a volt at full rated current. ^5 

In order to achieve such low dropout voltages, the circuit 
must use a PNP or PMOS pass element. Figure 1 shows 
a simplified block diagram of a typical prior art PMOS 
LDO circuit 1 0. The pass element is MOS transistor 
which is driven by amplifier A^ . The amplifier in turn re- 20 
ceives the voltage generated by an internal voltage ref- 
erence VR^, and the voltage produced by a voltage di- 
vider network Ri-Rj. The circuit 1 0 is connected so that 
the amplifier achieves equilibrium when the voltage on 
the tap T of the voltage divider equals the voltage gen- 25 
erated by the reference VR^ 

[0003] Many LDO applications require that the regu- 
lator consume little current to power its internal circuitry. 

This quiescent current typically equals 1 0OpA fora mod- 
em PMOS LDO, and this changes little regardless of 30 
output current. The conventional topology of Rgure 1 
can be extended to provide low -current operation, typF 
cally down to 10pA. Lower currents require nonconven- 
tional circuit topologies. 

[0004] The micropower LDO architecture contains 35 
multiple poles at relatively low frequencies, and there- 
fore requires the insertion of compensating zeros to 
boost the phase, or otherwise the phase margin will de- 
teriorate to the point that the circuit becomes unstable. 
These zeros are difficult to ger?erate using integrated ^0 
components because they must lie at relatively low fre- 
quencies (1 0-1 OOkHz). they must not use large amounts 
of die area, and they must not consume any current. 
There are two basic techniques that have been used to 
insert zeros In this type of LDO architecture: ^ 


1) Placing a resfelor Resr in series with the load ca- 
pacitor Coproducing a zeroat w=1/ (Resr* ^ 
canT make a low-frequency pole for a small capac- 
itor value unless a Isirge resistor Is used, which so 
is undesirable. Since micropower architectures 
have low bandwidth, they require low-frequency 
poles and this isn't a good solution - by itself. 

2) Place acapacitorC (not shown) across the upper 
resistor R, of the feedback divider; this produces a ss 
zero at w=1/(R<, x C) . This doesn't work well for 
small divider ratios because the pole-zero separa- 
tion becomes too small. 


Figure 1 is a schematic diagram of a prior art low- 
dropout (LDO) voltage regulator based on a Brokaw 
transcend uctaince cell; 

Figure 2 is a schematic diagram of a Brokaw 
transconductance ceil having a lower qulesent cur- 
rent by merging the amplifier and the voltage refer- 
ence blocks Into a single circuit with a minimum 
number of current limbs; and 
Figure 3 is a schematic diagram of the present In- 
vention including a Brokaw transconductance cell 
having a base current compensation resistor and a 
capacitor producing a zero frequency, the capacitor 
effecting only the two transistors of the Brokaw ceil. 

SUMMARY OF THE INVENTION 

[0006] The present invention achieves technical ad- 
vantages as a micropower low-dropout voltage regula- 
tor having a shunt capacitor at the counterphase input 
of a Brokaw transconductance cell including a base cur- 
rent compensation resistor. 

[0007] This resistor and capacitor provides a zero fre- 
quency that does not depend upon the attenuation ratio 
of the feedback divider. The counterphase compensa- 
tion capacitor provides a low-frequency zero using a 
reasonably sized capacitor, providing a pole-zero sep- 
aration that does not depend upon the attenuator ratio, 
and which requires no additional current-consuming 
components. The present Invention can be combined 
with both feedback bypass compensation and ESR 
compensation to provide a wide-range phase boost ca- 
pable of compensating a micropower LDO based upon 
the Brokaw transconductance cell. The configuration 
can be generally applied to any amplifier based on the 
Brokaw cell, 

[0008] According to the preferred embodiment of the 
present invention, a voltage regulator produces an out- 
put signal and has a Brokaw cell comprising a first tran- 
sistor and.a second transistor. A compensation circuit is 
coupled to the Brokaw cell and generates a pole-zero 
pair in the Brokaw cell. Each of the first and second tran- 
sistors have a base, wherein the compensation circuit 
comprises a base-current compensating resistor cou- 
pled between the first and second transistor bases. The 
compensation circuit also comprises a capacitor cou- 
pled to the compensating resistor. 

[0009] The first and second transistors operate in 
counterphase to generate respective output signals 
180* out-of-phase to one another. The compensation 
circuit is configured to provide a phase boost approach- 
ing 90® and which is independent of the output signal of 
the voltage regulator. The compensation circuit is con- 
figured to compensate the voltage regulator even when 
the regulator has a low feedback attenuation ratio. 
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[001 0] The pole-zero pair defines a pole-zero separa- 
tion, wherein the pole*zero separation is independent of 
attenuation ratio of the voltage regulator. The compen- 
sation circuit can be combined with a feedback bypass 
compensation circuit and an ESR compensation circuit 
to provide a wide-range phase boost. Preferably, the 
Brokaw cell Is configured as an operational transcon- 
ductance amplifier (OTA). 

DETAILED DESCRIPTION OF THE PRIOR ART 

[0011] One approach to reducing quiescent current 
consists of merging the amplifier and voltage reference 
blocks into a single circuit with a minimum number of 
current limbs. A class of operational transconductance 
amplifier (OTA) circuits based on the Brokaw transcon- 
ductance cell fulfill this goal. Figure 2 shows the basic 
topology of such a circuit 20. The Brokaw transconduct- 
ance cell consists of bipolar transistors and Q 2 and 
resistors R 3 and R 4 , shown at 22. The emitter area of 
transistor is an integer multiple N of the emitter area 
of transistor Q 2 . At equilibrium, where Ici=lc 2 > 
age imposed across resistor R 3 equals: 

VR 3 =V-rln (N) 

where V-r is the thermal voltage. The currents through 
transistors and Q 2 are both imposed across R 4 , so 
the voltage seen at the Input of the Brokaw cell. Vbg. 
equals: 

This is the classic bandgap equation derived by Brokaw. 
If the input voltage to the cell is less than the equilibrium 
value Vbg, then \q^ > Ic 2 ; If the input voltage is greater 
than Vbg, then l^i < Ic 2 * architecture feeds the 

currents and 1 ^;^ into mirrors CM^ and CM 2 , and then 
uses another mirror CM 3 to Invert the output of CM^. 
Since CM 3 operates against CM 2 , current into or out 
of node Vp equals Ic 2 ’lci> current equals zero 

only when the circuit rests at equilibrium. Any distur- 
bance from equilibrium causes a current Ic 2 ‘lci 
seeks to restore equilibrium. 

[001 2] The OTA described above acts both as its own 
reference and as an ^plifier, so it replaces compo- 
nents VR^ and A^ in Figure 1 . Figure 2 shows how a 
complete LDO could be implemented around the OTA. 
This circuit has a very small number of current paths 
(five in all, four in the OTA and one in the resistor divider 
R 3 and R 4 ), making it a candidate for a micropower LDO. 
[0013] Referring now to the present invention com- 
prising circuit 30 in Figure 3. circuit 30 shows a practical 
implementation of a micropower LDO. Current mirrors 
CM.| and CM 2 have been implemented as PNP transis- 
tors 03*04 and transistors Qs^Qe. Current mirror CM 3 


has been implemented as NPN transistors Qg-Q^o with 
a MOS beta helper transistor M2 biased by diode-con- 
nected transistor 0 ^ 2 * order to prevent excessive cur- 
rent flow when transistor Q.|o saturates, a current limit- 
5 ing component 1^ (typically a depletion-mode MOS tran- 
sistor) has been inserted above the beta helper. 

[0014] In order to minimize the impedance at node Vp, 
it Is traditionalto insert a followerstage, In this case con- 
sisting of emitter follower transistor Qg biased by a limb 
10 of the lower current mirror based on transistor In 
order to obtain adequate headroom for transistor Qg, 

. transistor M^ must have a high threshold voltage (Vj > 
1V). This arrangement doesn't necessarily reduce the 
impedance at node Vp as much as desired because the 
75 output impedance of transistor Qg depends Inversely 
upon Its eminer current, and low currents therefore pre- 
vent one from taking full advantage of transistor Qg. 
However, this stage Is still necessary in order to allow 
proper implementation of a startup circuit, as will be ex- 
^0 plained below. 

[0015] Because the Brokaw transconductance cell 
transistors Q^-Q 2 -R 3 -R 4 has a very low transconduct- 
ance, the OTA must have a relatively high output imped- 
ance. This is achieved in part by adding a cascode tran- 
25 eistor M 3 to the output limb of the lower cument mirror 
CM 3 . transistor can be biased from beta helper 
transistor M^ due to the addition of diode transistor Q.| 2 . 
which ensures that the current through transistors M^ 
and M 2 have a definite relationship to one another (as 
30 would not be the case if this diode were omitted). A cas- 
code on transistor Qg could provide a higher output im- 
pedance, but only at the price of degrading the already- 
minimal headroom of transistor Qg. Figure 3 shows a 
better solution, consisting of a backside-cascode tran- 
35 sistor Q 7 which holds the collector of transistor Q 4 at 
virtually the same voltage as the collector of transistor 
Qg, thus eliminating most of the output voltage varia- 
tions that low gain would otherwise produce. 

[0016] As with most Brokaw-derived amplifiers, the 
40 OTA circuit 30 of Rgure 3 has a secondary equilibrium 
point at zero bias. In order to perturb the circuit and en- 
sure startup, a small current source Ig has been added 
which pulis down on the gate of transistor M^ to begin 
start-up. in practice. I 2 could be a depletion-mode tran- 
^5 sistor. In order to prevent this current from disturbing the 
OTA, an Isolation stage must be Inserted between the 
output of the OTA and node Vpi In this circuit emitter 
follower trar^sistor Qg performs this function. Transistor 
M 4 has been added to balance the limbs of minor CM 3 , 
so but is not absolutely necessary. 

Compensating the Micropower LOO 

[0017] LOO voltage regulators are notoriously difficutt 
55 to compensate. The typical LOO (Figure 1 ) is dominated 
by two poles: a load pole formed by the load capacitance 
C|^, and a gate pole formed by the gate capacitance of 
transistor M^ looking into the output impedance of am- 
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plifier Ai . In micropower LDO circuits, the extremely low 
currents used in the amplifier cause it to exhibit a very 
high output impedance. Consider the case of the ampli- 
fier of Figure 3, which uses an emitter-follower output 
stage biased at a current \ q , giving an output impedance 
of: 



which for a typical bias current Iq of O.SnA gives an out- 
put impedance of 52kO. The gate pole frequency fg de- 
pends upon the gate capacitance Cg and equals; 

, 1 
'^^2kRoC^ 

assuming a typical gate capacitance of 1 0OpF, the gate 
pole falls at 31 kHz. The load pole falls at a frequency f|_: 


" 2n 

[0018] This pole can move through a wide range of 
frequencies, depending upon the load resistance 
Typically, the stability becomes poorest for the lowest 
Rl (In other words, at the highest currents). Under these 
conditions, f|_ moves out to a higher frequency and ap- 
proaches (or even exceeds) the frequency of the gate 
pole. For example, for Rl = 30Q, Cl = IpF; fL = 53kHz. 
Given that fg and appear at nearly the same frequency, 
this system is virtually guaranteed to become unstable 
and to oscillate in the 30-50kHz band. 

[0019] There are only two fundamental approaches to 
achieving stability: 1) push out the gate pole, and 2) in- 
sert zeros into the transfer function (lead compensa- 
tion). Pushing out the gate pole to higher frequencies 
implies a reduction in the output impedance of amplifier 
A^, which cannot be achieved without consuming larger 
currents or using smaller output transistors. This ap- 
proach is therefore impractical in a micropower LOO, 
and some form of lead compensation must be used. 
[0020] The two classical techniques of generating 
lead compensation in LDO's are the insertion of an ESR 
zero and the insertion of a feedback bypass capacitor. 
The ESR zero capacitor appears in Figure 1 as R^p 
This resistor generates a zero by operating against load 
capacitor C^, and the resulting ESR zero appears at a 
frequency fg^^: 


[0021] Classically, stability is achieved by pushing out 


the gate pole at least a decade from the load pole, and 
by then dropping the ESR zero onto the gate pole to 
achieve a pseudo-one-pole system. This cannot be 
done in micropower LDO's because the gate pole lies 
5 at too low a frequency, and the ESR zero cannot reach 
these low frequencies with practical values of ESR re- 
sistance. Most users object to more than 0.50 of ESR, 
and in combination with a 1 pF load capacitor, the ESR 
can only reach down to about 300kHz, which is far 
10 above the 31 kHz of the gate pole in the sample system 
discussed above. 

[0022] The feedback bypass capacitor has better pos- 
sibilities in micropower circuits. This capacitor appears 
In the circuit 30 of Figure 3 as capacitor Assuming 
15 the input impedance of the amplifier Is "large", the trans- 
fer function Vq across the feedback divider is: 


/L l+SC,/?, 

so rj_ 1. __LJ 

25 

which provides a compensation zero at f 2 : 


30 

[0023] Given a typical value of R^ of 1 MO, a 5pF com- 
pensation capacitor would produce a zero at 32kHz, 
which is exactly the frequency of the gate pole dis- 

35 cussed above. Unfortunately, this compensation tech- 
nique has a limitation that becomes increasingly severe 
for lower-voltage regulators. The feedback bypass ca- 
pacitor actually produces a lead-lag network, vyith a pole 
fp at: 

40 

4 - R 2 

^ [0024] The presence of this pole limits the range over 
which the zero can provide a phase boost, and therefore 
the magnitude of the phase boost. In practice, the pole- 
zero separation should equal at least 3-5 to obtain 
good results from this circuit. The ratio yf^ equals: 

50 

fp + R2 

55 [0025] The output voltage of the regulator is related 

to the Brokaw bandgap voltage by the formula: 
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where V^g = 1 .25V or thereabouts for minimum temper- 5 
ature variation. This implies that the pole zero separa- 
tion fj/fjj equals: 


One would intuitively expect the zero to depend upon 
resistors R3 and R4, since these lie in the ground path 
from capacitor C2. and one would expect to find a pole 
dependent upon resistor R5. 

[0031] An analysis of the OTA transfer function with 
the addition of C2 reveals the following pole and zero 
frequencies: 


-£=0 8V 

*Z 


10 



1 

2lt ^5^2 


[0026] This implies that the feedback bypass capaci- 
tor doesn't provide much benefit for output voltages be- 
low 3V. Unfortunately, it is precisely these voltages that 
are of greatest importance in modem low-voltage appli- 
cations. Therefore, the feedback bypass capacitor pro- 
vides liiTilted benefit. Many low-voltage LDO's still in- 
clude feedback bypass capacitors because they rieu- 
tralize the inevitable parasitic poles introduced by para- 
sitic capacitance within the feedback divider. 

[0027] Classical LDO designs generally combined 
ESR compensation with feedback bypass compensa- 
tion. Such designs provided adequate performance so 
long as the output capacitor value and quiescent cuaent 
remained relatively large, these conditions no longer 
universally apply. 

Counterphase Compensation 

[0028] According to the present invention, compensa- 
tion of Brokaw transconductance cell arises from the in- 
clusion of the Brokaw base-current compensating resis- 
tor R5. This resistor cancels the error in output voltage 
caused by the base currents of transistors and Q2 
flowing through divider R^Ra, providing that the value 
of R5 equals: 

5 - + R 2 

[0029] The present invention derives technical advan- 
tages by adding a capacitor C2 that generates a pole^ 
zero pair in the Brokaw transconduc^ance cell. This can 
be explained intuitively as follows: 

[0030] The current at the base of transistor 03 equals 
IC2-IC1, so transistors and transistor Qj operate in 
counterphase. In other words, an input to transistor 
wfll produce an output signal at node Vp 1 80* out-of- 
phase to the output signal generated in response to an 
input to transistor Q2. Since a capacitor from the base 
of transistor O2 to ground would behave as a pole (SO* 
phase lag), a capacitor from the base of transistor to 
ground should produce a zero (90* phase lead). Resis- 
tor R5 plays a vrtal role because it provides Isolation be- 
tween transistors and Q2 and allows the capacitor 
C2 to atlect only one of the two transistors and Q2. 





where is the emitter resistance (V-^Iq) of one of the 
20 Brokaw transistors Qr^2- Since resistors R3 and r^ are 
both considerably smaller than 2R4, the zero frequency 
can be approximated as: 


25 




4ic 


and the pole-zero separation f^/f^ equals: 


30 



[0032] One important conclusion can be immediately 
35 drawn from the above equation: to a first-order approx- 
imation, the pole-zero separation does not depend on 
R^, R2 or Rj. In practice, the ratio R4/R3 Is forced to 
about six by the requirement that the Brokaw cell pro- 
duce a bandgap voltage » 1 .25V, the value required 

40 for temperature Independence. This Implies a pole-zero 
separation of about 12, providing a phase boost ap- 
proaching 90* which is independent of the output volt- 
age of the LDO. This is an extremely important result, 
as it shows that the counterphase compensation has a 
45 quality lacking in feedback bypass compensation, 
namely, the ability to compensate low-voltage regula- 
tors that have low attenuation ratios. The frequency of 
the zero actuaify depends upon R^ and R2, as can be 
seen by substituting equation of R5 above into the equa- 
so tion for fj above: 

f ?1 ^2 

55 

[0033] The zero frequency does not depend upon the 
attenuator ratio, but does depend upon the paraOel com- 
bination resistance R^l I R2, which approaches R, for 
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low attenuator ratios. Even so, the value of C2 can still 
be boosted to provide the necessary zero. A typical mi- 
cropower regulator might have a parallel resistance 
I I Rj = 1 MQ. and a 5pF compensation capacitor Cj 
would provide a zero at 1 6kHz. 

[0034] In summary, the counterphase compensation 
capacitor provides a low-frequency zero using a reason- 
ably sized capacitor C2, whose pole-zero separation 
does not depend upon attenuator ratio, and therefore is 
Independent of output voltage, and which requires no 
additional current-consuming components. This tech- 
nique can be combined with both feedback bypass com- 
pensation and ESR compensation to provide a wide- 
range phase boost capable of compensating a micropo- 
wer LDO based upon the Brokaw transconductance 
cell. The illustrated circuit 30 uses an OTA configuration 
about the transconductance cell, but the technique Is 
more general and can be applied to any amplifier based 
on the Brokaw cell. 

[0035] Though the invention has been described with 
respect to a specific preferred embodiment, many vari- 
ations and modifications wiil become apparent to those 
skiiled in the art upon reading the present application. It 
Is therefore the intention that the appended claims be 
interpreted as broadly as possible in view of the prior art 
to include all such variations and modifications. 


Claims 

1. A voltage regulator producing an output signal, 
comprising: 

a Brokaw cell comprising a first transistor (Q^) 
and a second transistor (Q2) ; and 
a compensation circuit (R5, C2) coupled to said 
Brokaw cell generating a pole-zero pair In said 
Brokawcell. 

2. Th e voltage regulator as specif led in Claim 1 where- 
in each said first and second transistor (O^, Q2) has 
a base, wherein said compensation circuit compris- 
es a base-current compensating first resistor (R5) 
coupled between said first and second transistof 
bases and a first capacitor (C2) coupled to said com- 
pensating resistor. 

3. The voltage regulator as specified in Claim 2 where- 
in each said transistor has an emitter further conv 
prising a second resistor (R3) coupled between said 
first and second transistor emitters, and a third re- 
sistor (R4) coupled to said second resistor defining 
a voltage divide circuit. 

4. The voltage regulator as specified in Claim 1 or 2 
wherein said first and second transistors (Q^. Q2) 
operate in counterphase to generate respective 
output signals 180* out-of-phase to one another. 


5. The voltage regu lalor as specified In Claim 1 where- 
in said compensation circuit is configured to provide 
a phase boost approaching 90® and which Is inde- 
pendent of the output signal of the voltage regulator. 

5 

6. The voltage regulator as specified in Claim 1 where- 
in said compensation circuit is configured to com- 
pensate the voltage regulator even when having a 
low aUenuation ratio. 

10 

7. The voltage regulator as specified in Claim 6 where- 
in said compensation circuit is configured to have a 
zero frequency that is independent of the attenua- 
tion ratio. 

15 

8. The voltage regulator as specified In Claim 1 where- 
in said pole-zero pair defines a pole-zero separa- 
tion, wherein said pole-zero separation is Independ- 
ent of an attenuation ratio of the voltage regulator. 

20 

9. The voltage regulator as specified in Claim 1 further 
comprising a feedback bypass compensation cir- 
cuit and an ESR compensation circuit providing a 
wide-range phase boost of said compensation cir- 

25 cuit. 

10. The voltage regulator as specified in Claim 1 or 2 
wherein said Brokaw cell comprises a transcon- 
ductance Brokaw cell. 

30 

11 . The voltage regulator as specified in Claim 2 where- 
in said first resistor and said first capacitor produce 
a phase boost approaching 90®. 

35 12. The voltage regulator as specified in Claim 11 
wherein said phase boost is Independent of the out- 
put signal of the voltage regulator. 


13. The voltage regulator as specified in Claim 2 where- 
40 in said voltage regulator has an attenuation ratio, 
wherein said first resistor (Rg) and first capacitor 
(C2) provide a zero frequency that is independent 
of the attenuation ratio. 

il 

45 14. The voltage regulator as 'specified In Claim 13 fur- 
ther comprising compensation circuitry generating 
a pole frequency, wherein said zero frequency and 
said pole frequency define a pole-zero separation. 


so 15. The voltage regulator e!s specified in Claim 14 
wherein said pole-zero Reparation is independent 
of the attenuation ratio. \ 


55 


16. The voltage regulator ^ specified In Claim 14 
wherein said compensafion circuitry comprises a 
feedback bypass compensation circuit and an ESR 
compensation circuit providing a wide-range phase 
boost of said compensation circuit. 


BEST AVIll 


U_ Jf-r; 



\ 




BNSOOaO: <EP_ 




6 


11 


EP1 111 493 A1 


12 




17. The voltage regulator as specified In Claim 2 where- 
in said first resistor (R 5 ) and said first capacitor (C^) 
are configured to compensate the voltage regulator 
having a low attenuation ratio. 
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